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 1 
Abstract 
Camptothecin is a plant-derived alkaloid and important precursor of clinically used 
anti-tumor drugs, but little is known about regulatory mechanism of camptothecin 
production in plants. This study shows that a MYB transcription factor, OpMYB1, 
isolated from Ophiorrhiza pumila is a regulator of camptothecin biosynthesis. 
OpMYB1, is classified into R2R3 type MYB, has an EAR-like motif and exhibits a 
transcriptional repression activity in an in vivo assay using Arabidopsis thaliana 
leaves. Overexpression of OpMYB1 in hairy roots of O. pumila resulted in reduced 
production of camptothecin and reduced expression of OpTDC encoding tryptophan 
decarboxylase catalyzing the earliest step in camptothecin biosynthesis. From the 
deep transcriptome analysis, GO enrichment in secondary (specialized) metabolisms, 
especially in phenylpropanoid pathway was observed in the over-expressing 
OpMYB1. Gene suppression by OpMYB1 was revealed in biosynthetic pathways of 
seco-iridoids, monoterpene indole alkaloids, anthraquinone and chlorogenic acid. 
These results suggested that OpMYB1 is a negative regulator to fine-tune the general 
specialized metabolisms in O. pumila. 
 
  
 2 
General Introduction 
 
I Specialized secondary metabolites in plants 
Plant produces two types of metabolites, primary and secondary. Primary 
metabolites are essential to perform fundamental roles, such as growth and 
development. Primary metabolites comprise of different types of organic compounds, 
including, carbohydrates, lipids, proteins, nucleotides, amino acids, and organic acids. 
Therefore, primary metabolites are present in all plant because they are the 
components or products of fundamental metabolic pathways.  
Secondary metabolites are synthesized for specific function usually as 
adaptation of plant to their environment, which will affect their survivals. Such 
adaptations include protection against herbivore and microbial infection, attractants 
for pollinators and seed-dispersing animals and as allelopathic agents 
(allelochemicals) that influence competition among plant species (Croteau et al., 
2000). In contrast to primary metabolites, secondary metabolites are differentially 
distributed among limited taxonomic groups, genus or family within the plant 
kingdom. 
Secondary metabolites are often colored, aromatic, or flavorful compounds, 
which had been utilized for dyes, fragrances and flavors (Goossens et al., 2003). 
Various plant secondary metabolites also possess interesting biological activities and 
became an important source for drug development and pharmaceutical discovery 
(Madhuri and Reddy, 1999; Dinda et al., 2007; Menendez et al., 2013).  
Although secondary metabolite offers enormous potential, the biosynthetic 
pathway remains incomplete. The genetic maps of biosynthetic pathways are still 
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fragmentary and poorly characterized, whereas knowledge on the regulation of these 
pathways is practically lacking or took many years to uncover (Goossens et al., 2003). 
For example, morphine, even though is a widely used drug and discovered in the early 
1800s, genes encoding catalytic enzymes in the morphine biosynthetic pathway in 
opium poppy, Papaver somniferum, took several decades to isolate and characterized 
(Unterlinner et al., 1999; Grothe et al., 2001; Ziegler et al., 2006; Hagel and Facchini, 
2010). With the exception of the S-to-R epimerization of reticuline, all genes 
encoding catalytic enzymes in the morphine biosynthetic pathway have been recently 
isolated (Farrow et al., 2015). 
The revolutionary bioinformatics technology may help to shorten the time 
frame of conventional elucidation biochemical pathway. The recent approach of high-
throughput sequencing technology enables the discovery of biochemical pathways 
especially in non-model plant by providing data at a previously unparalleled rate. 
Combination of both bioinformatics and high-throughput sequencing has the potential 
to facilitate gene discovery in plant metabolism. 
 
II  MYB transcription factor 
Transcription factors are proteins involved in the process of converting, or 
transcribing, DNA into RNA and plays a great role in controlling cellular processes. 
Genes for a variety of transcription factors indicate to contain typical DNA binding 
motifs, such as CBF/DREB1, HSF, TGA6, BOS1, bZIP, AP2/ERF, MYB are 
reported for their role in plant stress, tolerance and development (Meshi and 
Iwabuchi, 1995; Kizis et al., 2001; Mengiste et al., 2003; Narusaka et al., 2003).  
MYB transcription factor is characterized by the MYB domain, which is 
deeply conserved and widely found in many organisms, including animals, fungi and 
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plants. MYB transcription factor family is large and involved in controlling various 
processes such as responses to biotic and abiotic stresses, development, 
differentiation, metabolism and defense (Ambawat et al., 2013). MYB is the largest 
transcription factor family in plant and may be classified into four subfamilies based 
on the number of imperfect repeats (Stracke et al., 2001; Dubos et al., 2010). The 
subfamilies are 4R-MYBs, 3R-MYBs, R2R3-MYBs (the largest subfamily in plant 
MYBs) and MYBs with a single or partial MYB repeat (1R-MYB or MYB-related) 
(Dubos et al., 2010).  
The MYB proteins contain a MYB DNA-binding domain, which forms a 
helix-turn-helix fold with tryptophan residues (Kanei-Ishii et al., 1990) and create a 
three-dimensional structure. In this structure, the α-helix DNA recognition site 
interacts with the major groove of DNA (Ogata et al., 1994) and provides the ability 
to bind to the promoters of their target genes (Lipsick, 1996), including genes 
involved in secondary metabolite biosynthetic pathway.  
In plant, the first MYB gene isolated was from maize, encoding a c-MYB-like 
transcription factor involved in anthocyanin biosynthesis (Paz-Ares et al., 1987). 
However, a rising number of studies on the R2R3-MYB gene in plants have been 
reported. 
 
R2R3-MYB 
The R2R3-MYB involved in a diverse role in plant, including developmental, 
secondary metabolism, transduction of hormonal signal, disease resistance and 
tolerance to abiotic stress. Several R2R3-MYB genes are involved in adaptation 
towards environmental stresses such as drought, salt, and frozen or low temperature 
(Agarwal et al., 2006; Yanhui et al., 2006). The other R2R3-MYB genes were reported 
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to be involved in the biosynthesis pathways of phenylpropanoid, tryptophan, or fatty 
acid (Bender and Fink, 1998; Stracke et al., 2007; Raffaele et al., 2008). The 
involvement of MYB, in specific R2R3-MYB, in various functions in plant showed 
the importance to further study this transcription factor. 
 
III Camptothecin 
Based on their biosynthetic origins, plant natural products can be divided into 
three major groups: the terpenoids, the phenolic compounds and the alkaloids. 
Camptothecin categorized under the alkaloid, was first isolated from Camptotheca 
acuminata (known as happy tree, and native to Southern China and Tibet) by Monroe 
E. Wall and co-workers in 1958.  
Camptothecin, a secondary metabolite of interests because of its strong 
inhibitory action upon DNA topoisomerase I; thus, has potent anti-tumor activity 
(Hsiang et al., 1985). Two water-soluble and semi-synthetic derivatives of 
camptothecin are used to treat cancer: irinotecan for colorectal cancer (Wiseman and 
Markham, 1996) and topotecan for ovarian cancer (Ahmad and Gore, 2004). 
Although camptothecin’s important contribution in medicinal field, the biosynthetic 
pathway towards the production of this compound is still incomplete.  
 
IV Transcriptome analysis using RNA-Seq  
Transcriptomic study is an attempt to catalog and quantify the RNA content or 
transcripts of a cell or tissue, in a specific condition and at a specific time. This 
enables us to view into the gene action within a cell or tissue at the exact time and 
represents not only the expression of genes, but also the combination of all isoform 
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sequence (Ward et al., 2012). Interpreting the functional elements of the genome and 
revealing the molecular constituents of cells and tissues is also part of the advantage 
of transcriptomic study (Wang et al., 2009). By employing appropriate approaches for 
producing transcript libraries and analysis tools, analyzing the complexity of a 
transcriptome is now possible in any organism, which also provides a quantifiable and 
robust method for investigating gene expression in specific cells or tissues (Ward et 
al., 2012). 
The development of high-throughput DNA sequencing methods, RNA-Seq, 
provided a new method for both mapping and quantifying transcriptomes. 
Differentially expressed genes in two or more conditions (including different tissues, 
treatments, or environmental conditions) can be identified. From the sequencing 
platform, raw reads with either single end or paired end were obtained, depends on 
the sequencing instrument applied. The sequence read will be further aligned to the 
reference genome or transcriptome by using appropriate assembly to generate 
unigenes or contigs.  
 
V Basic concepts in de novo transcriptome assembly  
With the rapid development of high-throughput sequencing instruments and 
massive dataset generated, a number of de novo assembly platforms had been 
developed. These includes Trinity program (Grabherr et al., 2011), SOAPdenovo-
Trans (Xie et al., 2014), Oases (Schulz et al., 2012), Trans-ABySS (Robertson et al., 
2010) and CLC (CLC bio, Aarhus, Denmark).  
In de novo assembly, all the possible subsequences of length k (k-mers) 
generated from a read are important parameter to achieve the best transcriptome 
assembly. The best k-mer size or length for an assembly was found to be in positive 
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correlation with the number of reads used during assembly (Zerbino and Birney, 
2008). The tools in de novo assembly will further create short contigs from 
overlapping reads, which will be extended based on the estimation of insert size (Jain 
et al., 2013). The extension would involve the de Brujin graph with incorporation of 
k-mer (for short reads) or using an overlap-layout-consensus approach (for longer 
reads) (Nagarajan and Pop, 2013). 
The common used to measure transcriptome assembly are total size of contigs 
(in base pairs), the number of contigs generated, and the weighted median contig size 
(N50). N50 is an assembly attribute used to compare the quality of genome and 
transcriptome assemblies, and it is usually assumed that higher N50 indicates a better 
assembly although errors and redundancy during assembly may have an effect (Jain et 
al., 2013). Schematic diagram in Figure I represent the concept of N50 being 
calculated. 
The data assembly provides better understanding of the plant in general, 
including the biosynthesis pathway of specialized secondary metabolisms.  
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Figure I Schematic diagram representing N50 from different length of 
assembled contigs  
Example 1 in this diagram represents the assembled contigs from transcriptome data 
of O. pumila in this study. Information of this data is shown Table 2.1 and Table 2.2. 
Example 2 is a mock data to show the N50 value when the assembler generated 
shorter assembled contigs  
Note: N50, is the length of the smallest contig in the set that contains the fewest 
(largest) contigs whose combined length represents at least 50% of the assembly 
(Miller et al., 2010).  
  
Example 2
Example 1
1,722 bp
Total length: 59,219,168 bp
50% of total length: 59,219,168 bp = 29,609,584!
2
990 bp
15,617 bp
201 bp
Max length
Min length
Max length
Min length 201 bp
15,617 bp
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IV Thesis work 
 In this study, OpMYB1 was isolated as one of hairy root specific genes, which 
is not expressed in cell suspension culture. OpMYB1 is a gene encoding R2R3-MYB 
transcription factor, contains an EAR-like motif known as repression domain. The 
generated phylogenetic tree supported OpMYB1 role as a transcriptional repressor. 
For functional characterization, OpMYB1 was overexpressed in hairy roots. The hairy 
roots were analyzed for alkaloid production and transcriptome difference.  
 In the deep transcriptome analysis, three samples, cell suspension culture 
(CSC), hairy roots (HR) and OpMYB1-overexpressing hairy roots (MYBox) were 
subjected to RNA-Seq. A high-throughput sequence, Ilumina platform, were used and 
resulted in paired end reads data. The raw reads were filtered and cleaned before the 
de novo assembly using Trinity program. The assembled data produced contigs, 
which can be used for further analysis. Gene Ontology (GO) enrichment classification 
identified GO categories enriched due to overexpression of OpMYB1 in hairy root. 
The GO categories enriched (includes over- and under-represented) proposed the 
function and roles in biological processes.  
From the assembled transcriptome dataset, further study to investigate the 
different gene expression level of cell suspension culture, hairy roots and OpMYB1-
overexpressing hairy roots in the biosynthesis pathways of specialized secondary 
metabolism was carried out. Heatmap diagram was generated to represent a better 
view of expression level in each contigs across three different tissues. 
OpMYB1 expression is analyzed across different tissues of O. pumila plantlet 
consist of shoot apex, node, internode, leaf and hairy root, and also compared with 
transgenic hairy root culture and GUS-expressing hairy root line. The best particle 
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bombardment parameters onto O. pumila tissues were performed using green 
fluorescent protein (GFP) gene.  
This manuscript is divided into three chapters specifying the details of 
methods and results throughout the thesis work. Chapter one covers the isolation of 
OpMYB1 and functional study of the gene/protein. Chapter two covers the study on 
expression level of cell suspension culture, hairy roots and OpMYB1-overexpressing 
hairy roots in O. pumila deep transcriptome dataset. Chapter three covers the 
OpMYB1 expression across different tissues and attempt made in order to gain the 
best particle bombardment preparation and assay. 
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Chapter 1: An MYB transcription factor regulating secondary 
metabolism in Ophiorrhiza pumila 
 
1.1 Introduction 
Camptothecin, a plant derived monoterpene indole alkaloid (MIA), has been 
received attention for its anti-tumor activity due to strong inhibitory action upon DNA 
topoisomerase I (Hsiang et al., 1985; Redinbo et al., 1998). Camptothecin was first 
isolated from Camptotheca acuminata by Wall et al. (1966). The therapeutic values of 
camptothecin has been reported against colon cancer (Giovanella et al., 1989), lung 
cancer (Beretta et al., 2006), falciparum malaria (Bodley et al., 1998), and protozoan 
Leishmania donovani (Werbovetz et al., 2000). Nowadays, water-soluble semi-
synthetic derivatives of camptothecin, e.g. irinotecan (Wiseman and Markham, 1996) 
and topotecan (Ahmad and Gore, 2004), are used clinically to treat colorectal and 
ovarian cancer respectively. On the contrary to the huge demand of camptothecin in 
pharmaceutical market, the supply is still depends to plant resources, such as 
cultivated trees of Camptotheca acuminata (Vincent et al., 1997) and Nothapodytes 
foetida (Govindachari and Viswanathan, 1972). Searching the alternative stable 
sources, various trials have been made on in vitro production of camptothecin in cell 
culture. However, the productivity of camptothecin by cell culture have been quite 
low (less than 0.005% dry weight) even with various improvements, for example, 
illumination with modified wave length on callus culture of C. acuminata (Park et al., 
2003) or modification of nitrogen source on Nothapodytes nimmoniana (Karwasara 
and Dixit, 2012). Hairy root culture of Ophiorrhiza pumila gave feasibility on 
camptothecin production in vitro at the level of ca. 0.1% dry weight (Saito et al., 
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2001) and it was applied to a bioreactor system (Sudo et al., 2002). Furthermore, 
ectopic expression of ORCA3, a regulatory gene of MIA biosynthesis from 
Catharunthus roseus (Van der Fits and Memelink, 2001) enhanced camptothecin 
production in hairy roots of C. acuminata (Ni et al., 2011).  
Camptothecin biosynthesis pathway is derived from strictosidine, a common 
intermediate of MIA biosynthesis. Strictosidine is produced by condensation of 
tryptamine and secologanin catalyzed by strictosidine synthase (STR) (Kutchan, 
1995). Strictosidine is then converted to strictosamide by intramolecular cyclization 
(Hutchinson et al., 1979). However, the steps following strictosamide to camptothecin 
biosynthesis have not been clearly defined (Figure 1.1). The plausible intermediates, 
pumiloside, 3(S)- and 3(R)-deoxypumiloside, were reported in Ophiorrhiza pumila 
(Aimi et al., 1989; Kitajima et al., 1997). However, the regulatory mechanism in 
camptothecin producing species is still unclear. So far, our research group has 
investigated on the detail of camptothecin production in hairy roots of O. pumila 
(Rubiaceae). Gene suppression of two catalytic enzymes in the early steps of MIA 
biosynthesis, tryptophan decarboxylase (TDC) and secologanin synthase (SLS), 
resulted in reduced accumulation of camptothecin and related alkaloids. From the 
non-targeted metabolite profiling of these suppressed hairy roots, candidates for 
biosynthetic intermediates were predicted (Asano et al., 2013). While the hairy roots 
of O. pumila are rich in not only camptothecin-related alkaloids of specialized 
metabolites, but also anthraquinones, the de-differentiated cell suspension culture 
derived from hairy roots accumulated no alkaloids and faint amount of 
anthraquinones (Asano et al., 2013). The deep transcriptome analysis coupled with 
untargeted metabolic profiling between hairy roots and cell suspension culture 
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showed differential expression of genes involved in the biosynthetic pathways of 
camptothecin, anthraquinones and chlorogenic acid (Yamazaki et al., 2013).  
In this study, a gene encoding R2R3-MYB transcription factor, OpMYB1, was 
isolated as one of hairy root specific genes, which is not expressed in cell suspension 
culture. OpMYB1 contains an EAR-like motif known to be repression domain (Table 
1.1). For the functional characterization, OpMYB1 was overexpressed in hairy roots 
and alkaloid production and transcriptome change in them were analyzed. This is the 
first report of a regulator concerning the camptothecin biosynthesis in O. pumila.  
 
 
 
Figure 1.1 Proposed camptothecin biosynthesis pathway. 
This proposed camptothecin biosynthesis pathway in O. pumila is reported by 
Yamazaki et al. (2013). 
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Table 1.1 EAR motif containing R2R3-MYB repressors in plants. 
Protein 
Name 
AGI Code / 
Accession 
No 
Plant Species Core EAR motif Target Phenotype References 
OpMYB1 LC076107 Ophiorrhiza pumila  VNLEL  this study 
AtMYB3 AT1G22640 Arabidopsis thaliana LNLEL  Kagale et al. (2010) 
AtMYB7 AT2G16720  LNLEL phenyl propanoid 
and flavonoid 
pathway a 
Wang and Dixon 
(2012) 
AS1 AT2G37630  LELQL leaf morphology b Machida et al. (2015) 
AtMYB32 AT4G34990  LDLNLEL phenylpropanoid 
biosynthesis a,b 
Preston et al. (2004) 
AtMYB4 AT4G38620  LNLEL phenylpropanoid 
biosynthesis a,b 
Jin et al. (2000) 
FaMYB1 AAK84064 Fragaria ×ananassa LNLDL anthocyanin and 
flavonol b 
Aharoni et al. (2001) 
AmMYB330 P81395 Antirrhinum majus VDLEL phenylpropanoid 
and lignin 
biosynthesis b 
Tamagnone et al. 
(1998) 
MtMYB2 ABR28329.1 Medicago truncatula LNLDL proanthocyanidin 
and anthocyanin 
biosynthesisb 
Jun et al. (2015) 
a, validated as transcriptional repressors; b, supported by molecular genetic evidence 
as negative regulators 
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1.2 Results and Discussion 
1.2.1 Structure of OpMYB1  
A differential PCR-select subtraction was performed using cDNAs from hairy 
roots and cell suspension culture. The 353 gene fragments that differentially 
expressed in hairy roots were sequenced. Nearly 40% of these fragments were 
annotated as metabolic enzymes and the rest were transporters, transcription factors 
and stress-related proteins (Asano, 2005). Among hairy-root specific fragments, 15 
fragments were annotated as transcription factors including a MYB transcription 
factor (Table 1.2). Considering the general role of MYB transcription factor in the 
regulation of specialized metabolisms, we selected this fragment for further 
investigation. Based on the nucleotide sequence of the MYB fragment, a full-length 
cDNA was cloned by 5’- and 3’-RACE and designated as OpMYB1.  
OpMYB1 encodes 304 amino acids that deduced from nucleotide sequence 
(registered as LC076107 in DDBJ/GenBank). OpMYB1 is classified into R2R3 type 
MYB, and has the following conserved motifs; bHLH-interaction domain, GIDP 
motif, ERF-associated amphiphilic repression (EAR) -like motif (VNLDL) and zinc 
finger motif (Figure 1.2). The EAR motif (LxLxL or DLNxxP) was widely conserved 
in diverse transcriptional repressors (Kagale et al., 2010; Kagale and Rozwadowski, 
2011). R2R3-MYB containing EAR- and EAR-like motif are distributed across 
different plant species and some of them were identified as negative regulator of 
transcription activity (Table 1.1).  
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Table 1.2 Gene fragments of transcription factor isolated from O. pumila 
hairy root. 
Domains No. of gene fragments 
MYB 1 
Putative bHLH transcription factor 1 
Root-specific gene regulator 2 
Putative BURP domain containing protein 2 
Putative zinc finger protein 3 
ERF-like protein  6 
 
(Asano, 2005) 
 
 
 
 
 
Figure 1.2 Schematic representations of protein domains in OpMYB1. 
R2 and R3, Repeat sequences conserved in R2R3-MYB transcription factors; M1, 
bHLH-interaction domain; M2, GIDP motif; M3, EAR-like motif (VNLDL); M4: 
Zinc finger motif (Chiba, 2011). 
  
R2 R3
1
M1 M2 M3 M4
304 aa
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Phylogenetic tree was constructed using amino acid sequences of OpMYB1 
and R2R3-MYBs containing EAR-motif (Figure 1.3). AmMYB330 in the same Clade 
2 as OpMYB1 has been identified as a negative regulator in phenylpropanoid and 
lignin biosynthesis in Antirrhinum majus (Tamagnone et al., 1998). Another gene 
from the same plant and research group, AmMYB308, is located in the neighbouring 
clade (Clade 1). AtMYB4 belongs to Clade 1, which was next to OpMYB1’s Clade 2, 
also being reported as a repressor of phenylpropanoid and lignin biosynthesis (Kranz 
et al., 1998). This suggests that OpMYB1 is a potential negative regulator of 
specialized metabolisms in O. pumila.  
MtMYB2, isolated from Medicago truncatula is reported to show negative 
regulation in anthocyanin and proanthocyanidin biosynthesis (Jun et al., 2015). 
Another protein, AtMYBL2, isolated from Arabidopsis thaliana, is also reported as a 
negative regulator in anthocyanin biosynthesis pathway (Matsui et al., 2008). 
 
1.2.2 Transcriptional repressor activity of OpMYB1 
To examine the transcriptional activation/repression activity of OpMYB1, 
transient effector-reporter analysis was performed. The reporter construct 
(35S:5xGAL4BS-LUC) and the effecter construct (35S:GAL4BD-OpMYB1) were co-
transformed by particle bombardment into leaves of Arabidopsis thaliana. The 
luciferase activity was reduced one fifth compared to the negative control 
(35S:GAL4BD) with a significant difference (p<0.05) (Figure 1.4). This result 
supported the idea that OpMYB1 acts as a negative transcriptional regulator in O. 
pumila. 
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Figure 1.2 Phylogenetic tree of R2R3-MYBs containing EAR motif, based on 
predicted amino acid sequences.  
The number on the branches indicates the bootstrap support values (500 replicates). 
Red circle shows OpMYB1. Blue box showed MYB in other plant species with a 
negative transcriptional regulator and supported by molecular genetic evidence. 
Accession numbers of the MYB sequences are listed in Table 1.3. 
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Figure 1.3 Transcriptional repressor activity of OpMYB1.  
Transient effector-reporter analysis was performed. The effector and the reporter 
constructs were co-transformed into the leaves of Arabidopsis thaliana. The reporter 
construct (35S-5xGAL4:LUC) contains the five repeats of GAL4 binding site fused 
CaMV35S minimal promoter and a luciferase gene. 35S:GAL4DB-OpMYB1, 
OpMYB1 fused to GAL4-binding domain was expressed under control of CaMV35S 
promoter. 35S:GAL4DB, only GAL4-binding domain was expressed (negative 
control). LUC activity with negative control was set to 1. Each bar represents the 
mean ± SE of six biological replicates. Statistical significance was observed by the 
Student’s t-test, p-value < 0.05 (Kawaharada, 2013).  
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Table 1.3 Accession numbers of genes used for phylogenetic tree analysis. 
Protein Name Plant Species Accession number 
AtMYB4 Arabidopsis thaliana  NP_195574.1 
BrMYB4 Brassica rapa  XP_009101934.1 
AtMYB3 Arabidopsis thaliana  NP_564176 
PdMYB308 Phoenix dactylifera  XP_008783376.1 
AmMYB308 Antirrhinum majus  P81393 
AcMYB1 Actinidia chinensis  AHB17741.1 
GaMYB Gossypium arboretum  KHG25834.1 
MnMYB Morus notabilis  XP_010104477.1 
CmMYB6 Cucumis melo  XP_008459665.1 
CsMYB6 Cucumis sativus  XP_004141649.1 
CmMYB1 Cucumis melo  XP_008459665.1 
GhMYB8 Gossypium hirsutum  ABR01221.1 
GaMYB3 Gossypium arboretum  KHG11058.1 
FvMYB6 Fragaria vesca  XP_004299892.1 
CsMYB330 Citrus sinensis  XP_006473170.1 
EsMYB1 Epimedium sagittatum  AFH03053.1 
OpMYB1 Ophiorrhiza pumila  LC076107 
SiMYB330 Sesamum indicum  XP_011096483.1 
PmMYB6 Prunus mume  XP_008219033.1 
MdMYB3 Malus domestica  AEX08668.1 
SmMYB Salvia miltiorrhiza  AGN52078.1 
AmMYB330 Antirrhinum majus  P81395.1 
GhMYB1 Gossypium hirsutum  AAA33067.1 
GrMYB6 Gossypium raimondii  XP_012462415.1 
NnMYB330 Nelumbo nucifera  XP_010246045.1 
GsMYB308 Glycine soja  KHN09677.1 
JcMYB6 Jatropha curcas  XP_012075785.1 
RcMYB Riccinus communis  XP_002534486.1 
PeMYB6 Populus euphratica  XP_011001099.1 
PtMYB Populus trichocarpa  XP_002325546.1 
TcMYB Theobroma cacao  XP_007020033.1 
SlMYB330 Solanum lycopersicum  XP_004241841.1 
LeMYB2 Lithospermum erythrorhizon  AIS39993.1 
EgMYB330 Erythranthe guttatus  XP_012854909.1 
NsMYB330 Nicotiana sylvestris  XP_009767902.1 
NtMYB330 Nicotiana tomentosiformis  XP_009600359.1 
StMYB330 Solanum tuberosum  XP_006356500.1 
AtMYBL2 Arabidopsis thaliana  NP_177259 
GrMYB1 Gossypium raimondii  AAN28271.1 
MtMYB2 Medicago truncatula  ABR28329 
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1.2.3 OpMYB1 overexpression in transgenic hairy roots 
In order to clarify the function of OpMYB1, the OpMYB1 was overexpressed 
in hairy roots and 17 lines of hairy roots were successfully obtained. The expression 
of OpMYB1 in transformed hairy roots was determined by semi-quantitative PCR 
(Figure 1.5). The expression levels of OpMYB1 in OpMYB1-overexpressing hairy 
roots (MYBox) were compared with those in the control hairy roots transformed with 
β-glucuronidase gene (GUS). Five lines had increased OpMYB1 expression level 
more than 4 fold and the highest expression was 5.2-fold compared to the average 
value of control lines. The well growing ten MYBox lines were selected for further 
investigation and numbered (1 – 10) according to their expression level of OpMYB1. 
 
Figure 1.5 OpMYB1 expression in OpMYB1-overexpressing hairy roots 
(MYBox), compared to GUS lines.  
Each bar represents the mean ± SE of three biological replicates for each independent 
line.   
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Subsequently, camptothecin accumulation in MYBox was compared with 
control hairy roots (Figure 1.6). The methanol extract of individual hairy root lines 
were subjected to High Performance Liquid Chromatography (HPLC) analysis 
monitored by fluorescent detector. A negative correlation was observed between the 
content of camptothecin and the expression level of OpMYB1. This result suggests 
that OpMYB1 has a role of negative regulator in camptothecin biosynthesis.  
Then, the expression levels of several genes encoding catalytic enzymes in 
early steps in MIA biosynthesis (Yamazaki et al., 2003) were determined. The 
expression levels of OpTDC, OpG10H, OpSLS and OpSTR, that encoding tryptophan 
decarboxylase, geraniol 10-hydroxylase, secologanin synthase and strictosidine 
synthase respectively, were determined by semi-quantitive RT-PCR (Figure 1.7). The 
expression level of OpTDC showed a significant negative correlation (r=-0.701, 
p<0.01) with that of OpMYB1. This result showed that OpMYB1 inhibits the 
expression of OpTDC at least. However, the effects on other enzyme genes were not 
clear. The knockdown of OpMYB1 by RNAi showed no significant change both in 
camptothecin production and gene expression of catalytic enzymes (Kawaharada, 
2013). 
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Figure 1.6 Relative expression levels of OpMYB1 and camptothecin contents in 
MYBox and GUS lines.  
The expression of OpMYB1 was measured by semi-quantitative RT-PCR normalized 
by the expression level of β-tubulin gene. The expression ratio was calculated to the 
average of in GUS control lines as 1. The numbers on each point means line number 
of biological replicate (n = 3). Statistical significance was observed by Pearson 
correlation coefficient and Student’s t-test, at r=-0.903 and p<0.01, respectively 
(Chiba, 2011). 
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Figure 1.7 Relative expression levels of OpMYB1 and transcript levels of 
enzyme genes in camptothecin biosynthetic pathway in MYBox and GUS lines.  
(A) OpTDC (B) OpG10H, (C) OpSLS (D) OpSTR In each graph, The numbers on 
each point means line number with biological replicate (n = 3). The r and p values 
were obtained by Pearson correlation coefficient and Student’s t-test, respectively 
(Chiba, 2011). 
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Chapter 2: Deep transcriptome analysis on OpMYB1 overexpression 
in hairy roots of Ophiorrhiza pumila  
 
2.1 Introduction 
A transcriptome is a snapshot of a gene expressed in a specific tissue at a 
specific moment, when total RNA obtained within that moment and specific tissue. 
Transcriptome study in either model or non-model organisms provide the ability to 
identify transcripts, characterize the transcript’s structural complexity and coding 
content, and classify the genes and isoforms expressed in specific samples such as in 
different tissues, environmental conditions and treatments (Haas et al., 2013). 
However, transcriptome analysis has become more feasible in non-model organisms 
as computerization and efficiency has reduced the cost of high throughput sequencing 
(Ward et al., 2012). It is also suitable for non-model plant, as in this study, O. pumila, 
especially to study the regulating genes involved in biological process, as reference 
genome of the plant is not necessary.   
Earlier, in chapter one, OpMYB1 was isolated from the hairy roots of O. 
pumila because MYB is differentially expressed in hairy root, and not in cell 
suspension culture. The deep transcriptome analysis coupled with untargeted 
metabolic profiling between hairy root and cell suspension culture showed differential 
expression of genes involved in the biosynthetic pathways of camptothecin, 
anthraquinones and chlorogenic acid (Yamazaki et al., 2013). Therefore, the main 
goal in this study is to identify the gene expression in specialized secondary 
metabolism due to the OpMYB1 overexpression in the hairy root of O. pumila. 
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2.2 Results and discussion 
2.2.1 De novo transcriptome assembly and functional annotation 
Total RNA prepared from MYBox was subjected to deep transcriptome 
analysis. The 2 Gb of paired-end reads were generated and analyzed together with 
those previously obtained by Yamazaki et al. (2013) from cell suspension culture and 
hairy roots (Table 2.1). Finally, the total contigs of 59,855 were retrieved from de 
novo assembly with an average length of 1722 bp (Table 2.2).  
 
2.2.2 Enriched Gene Ontology (GO) classification 
The Blast2GO program v 2.7.1 (Conesa et al., 2005) was used to perform 
Gene Ontology (GO) enrichment classification for differentially expressed contigs in 
MYBox with respect to hairy root. The GO terms were identified by Fisher’s exact 
test with a p-value cutoff <0.05. This results in 57 GO categories enriched due to 
OpMYB1 overexpression (Figure 2.1). Among these, the enriched GO term for 
‘catalytic activity’, ‘oxidation-reduction process’ and ‘oxidoreductase activity’ 
suggest active biochemical reactions within MYBox, and could play an essential role 
in regulating biosynthetic pathway. The other enriched GO terms included ‘secondary 
metabolic process’, and ‘phenylpropanoid metabolic process’ supported the idea that 
MYB is able to affect or perturb secondary metabolism pathway in O. pumila. 
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Table 2.1 Summary of RNA-Seq analysis. 
Items 
Clean reads 
CSC HR MYBox 
Total length (bp) 2,166,831,900 2,340,000,000 2,265,194,160 
Number of reads 24,075,910 26,000,000 25,168,824 
GC content (%) 44 45 46 
CSC, cell suspension culture; HR, hairy roots; MYBox, OpMYB1-overexpressing 
hairy roots. 
 
Table 2.2 De novo transcriptome assembly using Trinity. 
Items Assembled contigs 
Total length (bp) 59,219,168 
Number of contigs 59,855 
Average length (bp) 989 
Max length (bp) 15,617 
Min length (bp) 201 
N50 (bp) 1,722 
GC content (%) 41 
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Figure 2.1 Enriched Gene Ontology (GO) classification for differentially expressed contigs in OpMYB1-overexpressing hairy roots 
(MYBox) with respect to hairy roots (HR) in O. pumila.  
GO terms associated with differentially expressed contigs in MYBox were compared to GO terms with entire O. pumila transcriptome assembly. 
GO enrichment analysis was performed using Fisher’s exact test with a p-value cutoff <0.05 applied. GO terms are arranged in ascending p-
value from top to bottom. Accession numbers of the enriched GO term in MYBox are listed in Table 2.3. 
Enriched Bar Chart
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Table 2.3 Differential GO term enriched for MYBox in O. pumila. 
GO-ID Term FDR P-Value 
No. of 
differentially 
expressed 
genes 
GO:0003824 catalytic activity 3.86E-09 1.22E-11 2762 
GO:0046906 tetrapyrrole binding 5.42E-08 2.01E-10 176 
GO:0020037 heme binding 1.10E-07 4.21E-10 170 
GO:0016491 oxidoreductase activity 1.32E-07 5.25E-10 641 
GO:0016705 oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen 
1.99E-07 8.19E-10 207 
GO:0004497 monooxygenase activity 5.88E-07 2.74E-09 130 
GO:0019748 secondary metabolic process 2.06E-06 1.05E-08 84 
GO:0055114 oxidation-reduction process 8.93E-06 5.27E-08 592 
GO:0009698 phenylpropanoid metabolic process 1.24E-04 1.11E-06 45 
GO:0016709 oxidoreductase activity, acting on 
paired donors, with incorporation or 
reduction of molecular oxygen, 
NAD(P)H as one donor, and 
incorporation of one atom of oxygen 
2.07E-04 2.02E-06 51 
GO:0005215 transporter activity 2.82E-04 2.90E-06 373 
GO:0022804 active transmembrane transporter 
activity 3.85E-04 4.02E-06 171 
GO:0044550 secondary metabolite biosynthetic 
process 7.27E-04 7.78E-06 52 
GO:0004601 peroxidase activity 1.18E-03 1.39E-05 48 
GO:0016684 oxidoreductase activity, acting on 
peroxide as acceptor 1.18E-03 1.39E-05 48 
GO:0022857 transmembrane transporter activity 1.69E-03 2.20E-05 293 
GO:0006979 response to oxidative stress 2.29E-03 3.05E-05 107 
GO:0019187 beta-1,4-mannosyltransferase activity 3.19E-03 4.51E-05 11 
GO:0005506 iron ion binding 4.63E-03 6.92E-05 151 
GO:0006820 anion transport 4.63E-03 6.98E-05 114 
GO:0016682 oxidoreductase activity, acting on 
diphenols and related substances as 
donors, oxygen as acceptor 
4.86E-03 7.46E-05 24 
GO:0008762 UDP-N-acetylmuramate 
dehydrogenase activity 4.87E-03 7.55E-05 34 
GO:0005576 extracellular region 5.70E-03 9.07E-05 151 
GO:0055085 transmembrane transport 9.16E-03 1.53E-04 345 
GO:0051213 dioxygenase activity 9.48E-03 1.60E-04 70 
GO:0009521 photosystem 9.68E-03 1.66E-04 43 
GO:0015276 ligand-gated ion channel activity 1.01E-02 1.77E-04 20 
GO:0022834 ligand-gated channel activity 1.01E-02 1.77E-04 20 
GO:0051753 mannan synthase activity 1.24E-02 2.17E-04 9 
GO:0016840 carbon-nitrogen lyase activity 1.29E-02 2.28E-04 19 
GO:0016209 antioxidant activity 1.43E-02 2.57E-04 51 
GO:0042626 ATPase activity, coupled to 
transmembrane movement of 1.51E-02 2.73E-04 93 
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substances 
GO:0009522 photosystem I 1.70E-02 3.20E-04 30 
GO:0043492 ATPase activity, coupled to 
movement of substances 1.70E-02 3.18E-04 94 
GO:0016787 hydrolase activity 1.72E-02 3.31E-04 968 
GO:0046271 phenylpropanoid catabolic process 1.72E-02 3.37E-04 15 
GO:0046274 lignin catabolic process 1.72E-02 3.37E-04 15 
GO:0052716 hydroquinone:oxygen oxidoreductase 
activity 1.72E-02 3.37E-04 15 
GO:0010295 (+)-abscisic acid 8'-hydroxylase 
activity 1.91E-02 3.78E-04 5 
GO:0050660 flavin adenine dinucleotide binding 2.14E-02 4.37E-04 71 
GO:0048767 root hair elongation 2.26E-02 4.67E-04 29 
GO:0016820 hydrolase activity, acting on acid 
anhydrides, catalyzing 
transmembrane movement of 
substances 
2.56E-02 5.34E-04 93 
GO:0015297 antiporter activity 2.63E-02 5.53E-04 54 
GO:0016144 S-glycoside biosynthetic process 2.82E-02 6.12E-04 26 
GO:0019758 glycosinolate biosynthetic process 2.82E-02 6.12E-04 26 
GO:0019761 glucosinolate biosynthetic process 2.82E-02 6.12E-04 26 
GO:0016843 amine-lyase activity 3.63E-02 8.17E-04 12 
GO:0016844 strictosidine synthase activity 3.63E-02 8.17E-04 12 
GO:0016887 ATPase activity 3.63E-02 8.21E-04 198 
GO:0006857 oligopeptide transport 3.75E-02 8.63E-04 28 
GO:0006811 ion transport 4.01E-02 9.56E-04 251 
GO:0009808 lignin metabolic process 4.25E-02 1.03E-03 25 
GO:0015291 secondary active transmembrane 
transporter activity 4.25E-02 1.03E-03 78 
GO:0016679 oxidoreductase activity, acting on 
diphenols and related substances as 
donors 
4.25E-02 1.03E-03 25 
GO:0044765 single-organism transport 4.57E-02 1.12E-03 489 
GO:0004499 N,N-dimethylaniline monooxygenase 
activity 4.63E-02 1.15E-03 17 
GO:1902578 single-organism localization 4.92E-02 1.24E-03 497 
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2.2.3 OpMYB1 involvement in specialized metabolisms including camptothecin 
biosynthesis 
From the assembled transcriptome dataset, further study to investigate the different 
gene expression level of cell suspension culture, hairy roots and OpMYB1-
overexpressing hairy roots in the biosynthesis pathways of specialized secondary 
metabolism was carried out.  
The expressions of genes encoding catalytic enzymes involved in early steps 
of camptothecin biosynthesis, OpTDC, OpG10H, OpSLS and OpSTR, (Yamazaki et 
al., 2003) were investigated with the transcriptome data assembly in this study. 
Contigs corresponding OpTDC, OpG10H, OpSLS and OpSTR were expressed at 
lower level in MYBox comparing to hairy roots although at still higher level than cell 
suspension culture (Figure 2.2). These results suggest that OpMYB1 transcription 
factor plays a role as negative regulator in early steps of MIA biosynthesis. As 
described above, the repression effect of OpMYB1 on OpG10H, OpSLS and OpSTR 
was not clear when the gene expression was quantified by semi-quantitive RT-PCR. 
Deep transcriptome analysis gave rather definite results than RT-PCR. 
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Figure 2.2 Heatmap diagram of expression level of related genes and the 
camptothecin biosynthesis pathway in O. pumila. 
Each enzyme on the left in the heatmap diagram (A) corresponds to each blue box in 
the biosynthetic pathway (B), showing the location of each catalytic enzyme. (A) 
Heatmap diagram according to FPKM value of genes involved in biosynthetic 
pathway of camptothecin. Arrowhead showed the best match of contigs to the specific 
catalytic enzyme based on mean similarity, log fold change and sequence length 
match. (B) The proposed camptothecin biosynthesis pathway in O. pumila. Star 
showed predicted location of seco-iridoid pathway in O. pumila. CSC, cell suspension 
culture; HR, hairy roots; MYBox, OpMYB1-overexpressing hairy roots; TDC, 
tryptophan decarboxylase; G10H, geraniol 10-hydroxylase; SLS, secologanin 
synthase; STR, strictosidine synthase. Dashed lines indicate unresolved reactions. 
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Seco-iridoid pathway reaches to secologanin production is the upstream 
process of MIA biosynthesis. Based on the information about sec-iridoid pathway 
genes in Catharanthus roseus producing vinca alkaloids (Miettinen et al., 2014), total 
of 81 contigs presumably involved in seco-iridoid pathway were predicted and 
corresponds to all 12 catalytic enzyme in this pathway. The contig expression levels 
in MYBox were compared with those of in hairy root and cell suspension culture 
(Figure 2.3). There is a general trend that the expression of genes in this pathway of 
MYBox was also reduced compared with that in hairy root. 
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Figure 2.3 Heatmap diagram of expression level of related genes and the seco-
iridoid biosynthesis pathway in O. pumila. 
Each enzyme on the left in the heatmap diagram (A) corresponds to each blue box in 
the biosynthetic pathway (B), showing the location of each catalytic enzyme. (A) 
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Heatmap diagram according to FPKM value of genes involved in biosynthetic 
pathway of seco-iridoid. Arrowhead showed the best match of contigs to the specific 
catalytic enzyme based on mean similarity, log fold change and sequence length 
match. (B) The proposed seco-iridoid biosynthesis pathway in O. pumila. CSC, cell 
suspension culture; HR, hairy roots; MYBox, OpMYB1-overexpressing hairy roots; 
IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; Glc, glucose; 
GPPS, geranyl diphosphate synthase; GES, geraniol synthase; G10H, geraniol 10-
hydroxylase; 10-HGO, 10-hydroxygeraniol dehydrogenase; IS, iridoid synthase; IO, 
iridoid oxidase; 7-DLGT, 7-deoxyloganetic acid glucosyl transferase; 7-DLH, 7-
deoxyloganic acid hydroxylase; LAMT, loganic acid O-methyltransferase; SLS, 
secologanin synthase; STR, strictosidine synthase; TDC, tryptophan decarboxylase. 
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Previously, the accumulation of anthraquinones has been reported in hairy 
roots and callus culture of O. pumila (Kitajima et al., 1998). They are a major group 
of specialized metabolites in Rubiaceae family. Anthraquinones in Rubiaceae have 
been reported to be synthesized by a formation of 1,4-dihydroxy-2-naphthoyl-CoA 
derivative from chorismate pathway, with dimethylallyl diphosphate (DMAPP) from 
2C-methyl-D-erythritol-4-phosphate (MEP) pathway (Han et al., 2001). For both 
chorismate and MEP pathways, contigs presumed to encode catalytic enzymes in 
anthraquinone pathway were extracted and their expression level was displayed 
(Figure 2.4) as reported by (Yamazaki et al., 2013). For both pathways, contigs were 
annotated to 12 catalytic enzymes. All seven catalytic enzymes in MEP pathway were 
annotated, while in the chorismate pathway, five catalytic enzymes were annotated 
except one, 2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase 
(MenH). Again a general trend of reduced gene expression for this pathway in 
MYBox when compared with the expression in hairy root.  
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Figure 2.4 Heatmap diagram of expression level of related genes and the 
anthraquinone biosynthesis pathway in O. pumila. 
Each enzyme on the left in the heatmap diagram (A) corresponds to each blue box in 
the biosynthetic pathway (B), showing the location of each catalytic enzyme. (A) 
Heatmap diagram according to FPKM value of genes involved in biosynthetic 
pathway of anthraquinone. Arrowhead showed the best match of contigs to the 
specific catalytic enzyme based on mean similarity, log fold change and sequence 
length match. (B) The proposed anthraquinone biosynthesis pathway in O. pumila. 
CSC, cell suspension culture; HR, hairy roots; MYBox, OpMYB1-overexpressing 
hairy roots; MenF; menaquinone-specific isochorismate synthase; MenD, 2-succinyl-
5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate synthase; MenH, 2-succinyl-
6-hydroxy-2,4-cyclohexadiene-1-carboxylate synthase; MenC, o-succinyl benzoate 
MenF
O
O
O
OH
OH
OH
CH2
Chorismate
MenD
O
O
O
OH
OH
CH2
OH
Isochorismate
MenH
O
O
OH
OH
O
O
O
HO
HO
CH2
2-Succinyl-5-enolpyruvyl-!
6-hydroxy-3-cyclohexene-!
1-carboxylate
O
O
OHO
OHHO
(1R,6R)-2-Succinyl-6-hydroxy-!
2,4-cyclohexadiene-1-carboxylate
MenC
MenE
O
O O
OH
OH
2-Succinyl benzoate
O
O
OOH
S CoA
2-Succinyl benzoyl-CoA
MenBOH
OH
O
S CoA
1,4-Dihydroxy-2-!
naphthoyl-CoA
O O
O
HO P
OH OH
D-Glyceraldehyde 3-phosphate
DXPS1,DXPS3,
O
O
H3C
P
OH
OH
OH
OH
O1-Deoxy-D-xylulose 5-phosphate
DXR
O
OH3C
P
OH
OH
OH
OH
HO
2-C-Methyl-D-erythritol 4-phosphate
ISPD
O
OH3C
P
OHOH
OH
HO
O
O
P
OH
O
O
O
N
N
OHHO
NH2
4-(Cytidine 5’-diphospho)-2-C-methyl-!
D-erythritol 
CDPMEK
O
OH3C
P
OHOH
O
HO
O
O
P
OH
O
O
O
N
N
OHHO
NH2
HO
O
P OH
2-Phospho-4-(cytidine 5’-diphospho)-!
2-C-methyl-D-erythritol 
ISPF
O
O
OHO
O
P
P
HO
OH
CH3
OHO
2-C-Methyl-D-erythritol !
2,4-cyclodiphosphate
HDS
O
O
CH3
P
OH
HO
O
O
P
OH
OH
1-Hydroxy-2-methyl-2-butenyl !
4-diphosphate
HDR
O
O
CH3
P
OH
H3C O
O
P
OH
OH
Dimethylallyl !
diphosphate
O
O
R1
R2
R3
Anthraquinone
Color Key
Rox Z-Score
-1 0 1
Color Key
CLA1
▶▶
▶▶
▶
▶
▶▶
▶
▶
c17064_g1_i1
c5100_g1_i1
c17511_g1_i1
c23444_g2_i1
c17510_g1_i1
c28782_g1_i1
c23841_g1_i1
c33486_g1_i3
c33486_g1_i5
c33486_g7_i1
c30018_g3_i3
c30018_g1_i1
c30018_g3_i2
c38641_g1_i1
c29855_g1_i1
c29855_g1_i2
c29282_g1_i1
c29282_g2_i1
c29996_g1_i1
c26824_g1_i1
c33824_g1_i1
c22627_g1_i1
c22993_g1_i1
c32537_g1_i3
c31684_g1_i1
c25763_g1_i1
c47809_g1_i1
c810_g1_i1
c32537_g1_i1
c22217_g1_i1
c33442_g6_i1
c33856_g1_i1
c5842_g1_i1
CSC MYBox HR
ContigsFPKM valueEnzyme
MenB
HDRHDS
CDPMEK
MenDMenF
ISPD
DXPS
DXR
MenE
MenC
ISPF
▶▶
BA
 38 
synthase; MenE, o-succinyl benzoic acid-CoA ligase; MenB, naphthoate synthase; 
DXPS, 1-deoxy-D-xylulose-5-phosphate synthase; CLA, cloroplastos alterados; DXR, 
1-deoxy-D-xylulose 5-phosphate reductoisomerase; ISPD, 2-C-methyl-D-erythritol 4-
phosphate cytidylyltransferase; CDPMEK, 4-diphosphocytidyl-2-C-methyl-D-
erythritol kinase; ISPF, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS, 
(E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HDR, 4-hydroxy-3-
methylbut-2-enyl diphosphate reductase. 
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Another specialized metabolism predicted in O. pumila is chlorogenic acid 
biosynthesis. Contigs from transcriptome assembly corresponds to all 4 catalytic 
enzymes in this biosynthesis pathway. The same trend of gene expression pattern, 
repressed in MYBox was observed on CYP98A35, C3H and quinate HCT (Figure 
2.5 A & B) as seen in other biosynthetic pathways. 
On the other hand, no change was observed in the expression levels of 
housekeeping genes encoding β-tubulin and ubiquitin between MYBox and hairy 
root, while high expression in cell suspension culture with totally different expression 
pattern with those of genes involved in specialized metabolisms (Figure 2.5 C). The 
overall heatmap diagram is shown in Figure 2.6. 
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Figure 2.5 Heatmap diagram of expression level of related genes and the 
chlorogenic acid biosynthesis pathway and expression level of housekeeping 
genes in O. pumila. 
Each enzyme on the left in the heatmap diagram (A) corresponds to each blue box in 
the biosynthetic pathway (B), showing the location of each catalytic enzyme. (A) 
Heatmap diagram according to FPKM value of genes involved in biosynthetic 
pathway of chlorogenic acid. Arrowhead showed the best match of contigs to the 
specific catalytic enzyme based on mean similarity, log fold change and sequence 
length match. (B) The proposed chlorogenic acid biosynthesis pathway in O. pumila. 
(C) Heatmap diagram according to FPKM value of genes involved in housekeeping 
gene of β-tubulin and ubiquitin. CSC, cell suspension culture; HR, hairy roots; 
MYBox, OpMYB1-overexpressing hairy roots; HQT, hydroxycinnamoyl-CoA quinate 
hydroxycinnamoyl transferase; CYP98A35 or C3H1, p-coumaroyl quinate/shikimate 
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3ʹ-hydroxylase; Quinate HCT, caffeoyl-CoA:quinate O-(hydroxycinnamoyl) 
transferase; CCoAOMT1, caffeoyl-CoA 3-O-methyl transferase.  
 
 
 
Taken together, this paper presented OpMYB1 as a key transcription factor 
that negatively regulates general specialized metabolisms in O. pumila, biosynthesis 
of camptothecin, seco-iridoid, MIA, anthraquinone and chlorogenic. So far, several 
studies have reported on repressor functions of R2R3-MYB containing EAR-motif on 
phenylpropanoid, lignin and flavonoid. Addition to zinc finger proteins with EAR-
motif acting as transcriptional repressors of MIA biosynthesis genes in Catharanthus 
roseus (Pauw et al., 2004), it is the first report on R2R3-MYB suppresses alkaloid 
production. Using this information, candidate genes involved in camptothecin 
biosynthesis will be screened. 
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Figure 2.6 Heatmap diagram of expression level of genes involved in 
specialized metabolisms.  
Heatmap was constructed according to FPKM value of genes involved in biosynthetic 
pathway of camptothecin, seco-iridoid, anthraquinone and chlorogenic acid, and 
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housekeeping genes. The numbers on the right hand side are the contigs from the 
assembly. The expression levels are showed in red-green color scale. CSC, cell 
suspension culture; HR, hairy roots; MYBox, OpMYB1-overexpressing hairy roots; 
TDC, tryptophan decarboxylase; G10H, geraniol 10-hydroxylase; SLS, secologanin 
synthase; STR, strictosidine synthase; GPPS, geranyl diphosphate synthase; GES, 
geraniol synthase; 10-HGO, 10-hydroxygeraniol dehydrogenase; IS, iridoid synthase; 
IO, iridoid oxidase; 7-DLGT, 7-deoxyloganetic acid glucosyl transferase; 7-DLH, 7-
deoxyloganic acid hydroxylase; LAMT, loganic acid O-methyltransferase; MenF; 
menaquinone-specific isochorismate synthase; MenD, 2-succinyl-5-enolpyruvyl-6-
hydroxy-3-cyclohexene-1-carboxylate synthase; MenC, o-succinyl benzoate synthase; 
MenE, o-succinyl benzoic acid-CoA ligase; MenB, naphthoate synthase; DXPS, 1-
deoxy-D-xylulose-5-phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase; ISPD, 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase; 
CDPMEK, 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase; ISPF, 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl 
diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enyl diphosphate reductase; 
HQT, hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase; CYP98A35 or 
C3H1, p-coumaroyl quinate/shikimate 3ʹ-hydroxylase; Quinate HCT, caffeoyl-
CoA:quinate O-(hydroxycinnamoyl) transferase; CCoAOMT1, caffeoyl-CoA 3-O-
methyl transferase. Supporting information from BLAST search of contigs in this 
analysis are listed in Table 2.4. 
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Table 2.4 Supporting information from BLAST search of contigs related to 
Figure 2.6. 
Biosynthesis Enzyme Contig ID  
FPKM  Contig 
Length E-Value 
Mean 
Similarity 
(%) 
#GO 
Enzyme 
Codes 
CSC HR MYBox 
Camptothecin TDC c18285_g2_i1 0 0 4.95 217 1.98E-39 93.40% 3 EC:4.1.1.28 
  c28648_g1_i1 0.116 537.142 324.278 1933 0 86.40% 3 EC:4.1.1.28 
  c28893_g1_i1 0 11.711 2.864 1409 0 86.30% 3 EC:4.1.1.28 
  c3779_g1_i1 0 15.303 6.317 443 4.65E-70 80.40% 3 EC:4.1.1.28 
  c39640_g1_i1 0 2.959 1.437 429 2.32E-71 86.10% 3 EC:4.1.1.28 
  c43018_g1_i1 0 7.693 0.509 639 7.15E-54 82.50% 3 EC:4.1.1.28 
  c44343_g1_i1 0 1.287 2.395 288 3.25E-26 83.80% 3 EC:4.1.1.28 
 G10H c28312_g1_i1 7.779 303.734 176.74 1770 0 86.30% 8 EC:1.14.14.1; 
EC:1.14.13 
 SLS c32866_g1_i1 19.93 38.818 53.314 1445 0 82.00% 6 EC:1.3.3.9 
  c31777_g2_i1 14.351 50.051 24.641 331 5.66E-43 82.40% 5 - 
  c31777_g2_i2 0 20.712 10.679 331 1.99E-43 82.40% 5 - 
  c31777_g3_i1 8.995 45.296 19.491 367 6.46E-63 83.20% 8 EC:1.3.3.9 
  c31777_g4_i1 17.835 68.656 39.971 245 5.27E-38 86.90% 5 - 
  c21692_g2_i1 0.318 61.876 53.404 524 2.07E-85 80.30% 5 - 
  c32840_g2_i1 104.281 155.812 111.609 1838 0 80.50% 5 - 
  c8923_g1_i1 0 60.246 58.973 223 6.79E-28 81.90% 5 - 
  c41889_g1_i1 0.338 633.507 467.914 2061 0 91.60% 9 EC:1.3.3.9 
  c27549_g1_i1 0 59.073 39.003 275 1.16E-16 81.80% 9 EC:1.3.3.9 
  c27549_g2_i1 0 39.607 23.334 1477 0 89.00% 9 EC:1.3.3.9 
  c7287_g1_i1 1.342 81.208 47.526 270 7.17E-11 89.80% 5 - 
 STR c47430_g1_i1 0.116 962.272 707.959 1120 0 83.10% 2 EC:4.3.3.2 
  c20528_g2_i1 0 13.247 18.064 362 4.55E-22 61.90% 2  
  c32972_g1_i1 0 39.285 11.138 1070 4.27E-86 56.30% 1 - 
  c18195_g1_i1 0 19.871 9.312 1359 8.64E-100 65.10% 4 - 
  c34331_g1_i1 0 144.434 31.378 1341 4.47E-71 55.30% 1 - 
  c24194_g1_i1 0 196.229 68.724 1269 1.22E-107 60.60% 3 - 
  c26065_g1_i1 0 10.029 0.848 593 1.78E-50 76.80% 2 EC:4.3.3.2 
Seco-iridoid GPPS c32449_g1_i1 1.013 8.7 4.601 1480 1.11E-179 75.30% 9 EC:2.5.1.1; 
EC:2.5.1.29; 
EC:2.5.1.10 
  c32449_g1_i2 0.261 25.207 14.95 1658 0 80.60% 9 EC:2.5.1.1; 
EC:2.5.1.29; 
EC:2.5.1.10 
  c32644_g1_i3 16.687 24.792 23.364 1782 0 84.50% 5 EC:2.5.1.1; 
EC:2.5.1.30 
  c48032_g1_i1 0 2.668 1.936 1294 5.99E-152 82.50% 10 EC:2.5.1.1; 
EC:2.5.1.29; 
EC:2.5.1.30; 
EC:2.5.1.10 
  c33163_g3_i1 26.01 13.621 16.378 1652 0 76.50% 6 EC:2.5.1.29 
  c25825_g1_i1 5.472 25.529 22.166 1534 0 78.20% 7 EC:2.5.1.1; 
EC:2.5.1.29; 
EC:2.5.1.30; 
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EC:2.5.1.10 
  c17006_g1_i1 6.505 21.397 9.731 563 4.12E-51 67.60% 4 EC:2.5.1 
  c32644_g1_i2 5.849 1.256 1.307 1850 1.67E-156 79.20% 2 EC:2.5.1.1 
 GES c36701_g1_i1 6.64 39.68 29.392 1868 0 80.80% 7 EC:3.1.7.3 
 G8O c28312_g1_i1 7.779 303.734 176.74 1770 0 86.30% 8 EC:1.14.14.1; 
EC:1.14.13 
 8-HGO c31297_g1_i1 0 125.767 73.574 1687 1.26E-142 70.70% 4 - 
  c29140_g1_i1 32.833 223.046 139.374 1825 0 79.70% 4 EC:1.1.1.1 
 IS c42337_g1_i1 18.781 281.154 147.099 1600 0 66.50% 4 - 
 IO c39235_g1_i1 108.788 372.328 284.417 1928 0 72.70% 5 - 
 7-DLGT c22992_g1_i1 8.725 3.966 5.818 541 5.08E-36 87.60% 2 - 
  c22992_g2_i1 18.723 18.542 19.541 831 2.11E-113 80.50% 2 - 
  c22992_g3_i1 37.369 27.388 33.174 529 3.27E-101 88.90% 2 - 
  c25318_g2_i1 0 1.775 3.653 606 9.54E-57 82.90% 2 - 
  c25318_g2_i2 0.261 0.737 1.577 593 4.46E-97 84.50% 2 - 
  c38432_g1_i1 15.625 58.949 42.216 521 8.19E-90 84.10% 2 - 
  c18121_g1_i1 7.19 41.382 20.479 1360 0 92.00% 2 - 
  c1241_g1_i1 0 0.696 3.733 525 8.27E-25 69.50% 2 - 
  c30764_g1_i1 7.538 13.289 12.545 1891 0 77.50% 2 - 
  c24002_g1_i1 6.379 70.431 36.568 1212 5.70E-141 70.30% 2 - 
  c18473_g1_i1 3.59 50.768 52.835 1887 0 76.30% 2 - 
 7-DLH c18879_g1_i1 11.861 176.981 113.625 661 1.91E-134 85.60% 4 - 
  c18879_g2_i1 8.898 85.911 42.646 699 4.20E-61 92.20% 5 - 
  c18879_g3_i1 8.657 110.454 57.566 689 3.34E-120 83.10% 5 - 
  c4068_g1_i1 0 25.893 9.312 1953 0 78.40% 4 - 
  c4068_g1_i2 0 139.305 1.776 1954 0 78.40% 4 - 
 LAMT c5842_g1_i1 0 175.818 104.104 1469 0 68.40% 2 - 
Anthraquinone MenF c33856_g1_i1 1.467 161.948 124.394 2342 0 76.30% 3 EC:5.4.4.2 
  c32294_g2_i1 17.324 55.938 29.512 1868 0 81.30% 5 EC:4.2.3.5 
  c32294_g2_i2 53.911 44.892 48.714 2162 0 86.60% 5 EC:4.2.3.5 
 MenD c33442_g6_i1 1.988 79.318 46.727 4360 0 72.80% 7 - 
 MenC c22217_g1_i1 1.747 398.916 291.762 2293 0 71.00% 1 - 
 MenE c32537_g1_i1 0 0 1.747 2977 0 86.60% 2 EC:6.2.1.26 
  c810_g1_i1 0 2.554 4.561 465 1.10E-58 77.50% 2 EC:6.2.1.26 
  c47809_g1_i1 0.338 0.374 5.469 502 5.47E-87 86.70% 2 EC:6.2.1.26 
  c25763_g1_i1 8.175 17.026 12.376 2041 0 86.70% 2 EC:6.2.1.26 
  c31684_g1_i1 4.97 22.633 19.871 4137 0 84.70% 2 EC:6.2.1.26 
  c32537_g1_i3 9.574 17.971 21.078 2885 0 86.60% 2 EC:6.2.1.26 
  c22993_g1_i1 88.781 76.764 71.997 2207 0 89.70% 4 EC:6.2.1.26 
  c22627_g1_i1 1028.12
9 
182.702 156.65 1990 0 87.20% 11 EC:6.2.1.12; 
EC:6.2.1.26; 
EC:6.2.1.8 
 MenB c33824_g1_i1 5.173 596.952 420.248 1388 2.05E-178 85.00% 2 EC:4.1.3.36 
  c26824_g1_i1 1.361 28.914 10.27 500 9.30E-42 87.70% 4 EC:3.1.2.20; 
EC:3.1.2 
 DXPS1 c29996_g1_i1 7.962 164.024 148.766 2986 0 89.70% 2 EC:2.2.1.7 
  c29282_g2_i1 0.106 53.363 36.039 1205 0 85.30% 2 EC:2.2.1.7 
  c29282_g1_i1 0 47.144 39.312 1235 0 86.70% 2 EC:2.2.1.7 
 46 
  c29855_g1_i2 8.696 10.174 8.882 2551 0 78.70% 2 EC:2.2.1.7 
  c29855_g1_i1 0.811 1.796 3.723 2334 0 82.50% 2 EC:2.2.1.7 
  c38641_g1_i1 1.438 1.755 1.587 265 3.41E-44 91.10% 4 EC:2.2.1.7 
  c30018_g3_i2 0.782 1.287 1.886 1723 1.07E-114 96.10% 4 EC:2.2.1.7 
  c30018_g1_i1 8.155 6.302 11.038 1788 0 93.20% 7 EC:2.2.1.7 
  c30018_g3_i3 7.953 4.371 5.888 1411 4.93E-163 96.80% 4 EC:2.2.1.7 
 DXR c33486_g7_i1 123.834 179.172 144.065 1019 4.28E-139 86.40% 6 EC:1.1.1.267 
  c33486_g1_i5 21.532 13.808 9.571 628 4.52E-17 94.00% 28 EC:1.1.1.267 
  c33486_g1_i3 0.849 2.741 2.056 753 6.93E-17 94.00% 28 EC:1.1.1.267 
 ISPD c23841_g1_i1 25.286 26.297 17.545 1491 5.31E-154 88.60% 2 EC:2.7.7.60 
 CDPMEK c28782_g1_i1 13.357 50.01 33.873 1928 0 78.20% 7 EC:2.7.1.148 
 ISPF c17510_g1_i1 103.229 174.708 155.632 1119 7.35E-115 89.10% 3 EC:4.6.1.12 
 HDS c23444_g2_i1 80.684 255.5 217.529 2902 0 93.30% 7 EC:1.17.7.1 
 HDR c17511_g1_i1 82.981 278.724 185.972 2392 0 88.60% 5 EC:1.17.7.1; 
EC:1.17.1.2 
  c5100_g1_i1 6.042 5.399 5.19 1512 1.03E-167 74.20% 2 - 
Chlorogenic 
acid 
HQT c17064_g1_i1 12.025 93.739 33.364 2015 0 93.10% 2 EC:2.3.1.133 
 CYP98A3
5 / C3H1 
c24241_g1_i1 2.741 83.928 29.392 957 8.28E-154 95.10% 4 EC:1.14.13.36 
  c24241_g2_i1 4.951 116.257 53.833 998 1.22E-164 93.60% 13 EC:1.14.13.36; 
EC:1.14.13.21 
  c26370_g1_i1 36.703 235.141 117.507 1890 0 89.60% 11 EC:1.14.13.36 
 Quinate-
HCT 
c23775_g2_i1 0 7.485 0.16 906 4.57E-66 68.10% 1  
  c23775_g1_i1 0 10.278 0.719 507 5.74E-31 62.00% 1 - 
  c22655_g1_i1 0 0.81 1.547 339 2.48E-26 73.60% 3 - 
  c15374_g1_i2 0.212 8.295 5.359 1693 6.53E-142 61.50% 1 EC:2.3.1 
  c7976_g1_i1 1.245 12.988 8.004 1706 2.57E-90 73.20% 2 EC:2.3.1 
  c15374_g1_i1 0 28 19.801 1713 8.22E-142 61.50% 1 EC:2.3.1 
  c30394_g3_i1 0 56.416 21.268 1728 0 71.10% 1 - 
  c23181_g1_i1 0 259.051 110.002 1640 0 74.90% 1  
 CCoAOM
T1 
Caffeoyl-
CoA 
c20243_g1_i2 0.212 0.914 2.266 690 4.54E-90 80.40% 14 EC:2.1.1; 
EC:2.1.1.104 
  c25259_g1_i3 0.782 2.834 5.419 294 3.26E-43 82.20% 3 EC:2.1.1.104 
  c25259_g1_i1 1.264 5.274 6.787 875 4.32E-121 86.80% 3 EC:2.1.1.104 
  c39211_g1_i1 6.553 209.705 175.682 1120 9.84E-97 76.40% 3 EC:2.1.1 
  c41891_g1_i1 100.266 516.949 156.67 1183 1.52E-159 95.60% 4 EC:2.1.1.104 
  c32955_g1_i2 2.857 1.256 1.377 1833 3.54E-91 94.70% 5 EC:2.1.1; 
EC:2.1.1.104 
Housekeeping 
gene 
Beta 
tubulin 
c29474_g4_i1 501.311 239.979 231.611 1958 0 96.00% 13 - 
 Ubiquitin c32470_g2_i1 28.365 1.692 1.507 583 1.18E-25 99.40% 4 EC:6.3.2.19 
  c32470_g2_i4 18.694 1.848 1.896 726 6.77E-71 100.00% 4 EC:6.3.2.19 
  c31827_g1_i1 20.673 11.015 11.966 1618 5.19E-96 98.30% 2 - 
  c13011_g1_i1 96.975 45.078 48.973 627 6.14E-52 96.60% 5 - 
  c32470_g2_i3 102.447 60.641 64.103 854 2.05E-106 99.50% 4 EC:6.3.2.19 
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Chapter 3: OpMYB1 expression in different tissues and transient 
expression attempt 
 
3.1 Introdution 
MYB is a transcription factor with large family protein, distributed across 
variety of plant families and regulates in different plant-specific processes (Ambawat 
et al., 2013). In chapter one, OpMYB1 was isolated from the hairy roots of O. pumila. 
This was developed from a differential PCR-select subtraction using cDNAs from 
hairy roots and cell suspension culture, and MYB was found expressed only in hairy 
roots. However, OpMYB1 expression across different tissues in O. pumila has never 
been reported before.  
Transient gene expression offers an alternative with several advantages 
compared to stable transformation. Although it cannot reveal morphological 
phenotypes such as cell-wall composition or vascular tissue architecture, it represents 
a rapid approach to obtaining indications of protein functions, including subcellular 
localization and trafficking, protein-protein interactions, protein stability and 
degradation, (Ueki et al., 2009) and transcription factor–promoter interactions (Duval 
et al., 2014). 
Particle bombardment is one of the favored techniques for transient gene 
expression because of the flexibility to apply in variety of plant species (Taylor and 
Fauquet, 2002). Several successful usage of particle bombardment especially on 
transcription factor study had been reported on Arabidopsis thaliana (Hiratsu et al., 
2002; Hiratsu et al., 2003; Nakata et al., 2013), Ipomoea batatas (Nagata et al., 2012), 
orchid (Ma and Pooler, 2008) and barley (Casaretto and Ho, 2002). Therefore, the 
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availability of using particle bombardment to study MYB interaction in hairy roots of 
O. pumila is tested. 
 
3.2 Results and Discussion 
3.2.1 OpMYB1 expression across different tissue 
The expression pattern of OpMYB1 in different tissues of O. pumila plantlet 
consist of shoot apex, node, internode, leaf and hairy root were analyzed (Figure 3.1 
A). The expression of OpMYB1 was also compared with transgenic hairy root culture 
and GUS-expressing hairy root line. The expression of MYB gene was analyzed based 
on the full-length cDNA of 912 bp, isolated from the hairy root of O. pumila. The 
isolation was based on the differential gene expression between hairy roots and cell 
suspension culture by PCR-select subtraction.  
OpMYB1 expression levels are high in the hairy root cultures (transgenic and 
GUS-expressing) and hairy roots of O. pumila plantlet, which recorded more than 30-
fold when compared to shoot apex (Figure 3.1 B). OpMYB1 expression is barely 
detected in the shoot apex. In overall, OpMYB1 expression levels are high in hairy 
roots as compare to the upper part of the plant: shoot apex, node, internode and leaf. 
MYB gene may show different expression patterns in various tissues to represent 
different development stages in a plant (Karpinska et al., 2004). 
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Figure 3.1 OpMYB1 expression across different tissues of O. pumila. 
(A) Schematic diagram of the plant tissue used for OpMYB1 expression analysis. (B) 
High expression of OpMYB1 in hairy root culture and hairy root, compared to the 
upper part of the O. pumila part; shoot apex, node, internode and leaf. Each bar 
represents the mean ± SE of four technical replicates.  
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3.2.2 Transient expression by particle bombardment 
We had previously reported that OpMYB1 plays a role as negative regulator 
from the transcriptome data analysis in camptothecin, seco-iridoid, anthocyanin, and 
chlorogenic acid biosynthesis pathway of O. pumila (Rohani et al., 2015). To confirm 
whether OpMYB1 is involved in the camptothecin biosynthesis as a negative 
regulator, transient transformation by particle bombardment of reporter and effector 
construct was performed and the protein interaction was later analyzed. The reporter 
construct, consist of pTH2 plasmid harboring green fluorescent protein (GFP) gene 
controlled by the CaMV 35S promoter. Only reporter construct was used at this stage 
of searching for the best particle bombardment preparation and assay.   
The bombardment efficiency was first tested onto different samples. On onion 
epidermis, 1.0 µm gold microparticle and helium pressure at 400 psi were used, with 
incubation period after particle bombardment for 20-24 h. GFP signal was observed 
and showed integration in the cytosol cell (Figure 3.2). Onion epidermis is first tested 
because it is easy to obtain and prepare, and having large and clear cells, which make 
it easier to observe under the microscope, with minimal background fluorescent 
(Hollender and Liu, 2010).  
This is followed by bombardment into the hairy roots of O. pumila. 
Bombardment was performed using gold microparticle DNA-coating of 1.0 µm and 
shooting pressure at 200 psi. Several GFP signal was observed, at different hairy 
roots, but on the same plate culture (Figure 3.3). This particle bombardment 
parameter is suitable to use with hairy root of O. pumila. 
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Figure 3.2 Transient gene expression in onion epidermis. 
GFP gene driven by a CaMV 35S promoter was bombarded into the onion epidermis. 
Bombardment was performed using gold microparticle DNA-coating of 1.0 µm and 
shooting pressure at 400 psi. After 24 h incubation on B5 medium, the epidermis was 
visualized under a fluorescent microscopy at 40x objective. (A) Bright field image. 
(B) GFP signal indicated by the green color is observed, showing integration in the 
cytosol cell.  
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Figure 3.3 Transient gene expression in hairy roots of O. pumila. 
GFP gene driven by a CaMV 35S promoter was bombarded into the hairy roots 
cultured on B5 medium. Bombardment was performed using gold microparticle 
DNA-coating of 1.0 µm and shooting pressure at 200 psi. After 24 h bombardment, 
the hairy root was visualized under a fluorescent microscopy at 40x objective. A fine-
line of hairy root was placed on the glass slide and covered with coverslip for each 
observation. (A, C, E) Bright field image of different hairy roots, but on the same 
plate culture. (B, D, F) GFP signal indicated by the green color is observed, showing 
integration in the cytosol cell. 
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 Particle bombardment is also performed onto leaves of O. pumila. Sectioned 
leaves cultured on agar B5 medium were tested first, considering the easier handling 
during bombardment. Sectioned leaves were cultured with the leaf abaxial (lower 
surface) touching the medium. Mature leaves (Figure 3.4) and young leaves (Figure 
3.5) were tested. However, in both experiment, only one GFP signal was observed. 
This could be either the bombardment parameter, or the observation method is not 
optimal.  
 Next, particle bombardment is performed onto intact leaves of O. pumila. The 
bombarded leaf were marked, and left intact to the plantlet. After 24 h, the leaf were 
separated and further visualized under a fluorescent microscope. Mature leaves 
(Figure 3.6) and young leaves (Figure 3.7) of different plantlet were tested. Only a 
single GFP signal was observed in mature leaves. However, better result was obtained 
using young leaves, as several GFP signal were observed.  
The best parameter for bombardment onto the leaf of O. pumila is using 0.6 
µm microparticle gold, shooting pressure at 160 psi with leaf surface distance less 
than 1 cm, and post-bombardment incubation for 24 h in the dark. Further study 
should bombard the target genes onto abaxial side of leaf due to the fewer trichome 
and thinner cuticle (Ueki et al., 2009). 
This information on particle bombardment assay is useful for further study on 
the transcription factor-promoter interaction, especially in O. pumila. 
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Figure 3.4 Transient gene expression in sectioned mature leaves of O. pumila. 
GFP gene driven by a CaMV 35S promoter was bombarded into the sectioned mature 
leaves cultured on B5 medium. Bombardment was performed using gold 
microparticle DNA-coating of 0.6 µm and shooting pressure at 160 psi with distance 
less than 1 cm (between the gun with leaf surface). After 24 h bombardment and 
incubation in the dark, the sectioned leaves were visualized under a fluorescent 
microscopy at 40x objective. A piece of leaf was placed on the glass slide and 
covered with coverslip for each observation. (A) Sectioned leaves cultured with 
abaxial side of the leaf (lower surface) touching the B5 medium. (B) Bright field 
image of the leaf epidermis. (C) GFP signal indicated by the green color is observed, 
showing integration in the cytosol cell. 
  
A 
C B 
 55 
 
 
Figure 3.5 Transient gene expression in sectioned young leaves of O. pumila. 
GFP gene driven by a CaMV 35S promoter was bombarded into the sectioned young 
leaves cultured on B5 medium. Bombardment was performed using gold 
microparticle DNA-coating of 0.6 µm and shooting pressure at 100 psi. After 24 h 
bombardment, the sectioned young leaves were visualized under a fluorescent 
microscopy at 60x objective. A piece of leaf was placed on the glass slide and 
covered with coverslip for each observation. (A) Sectioned leaves cultured with 
abaxial side of the leaf (lower surface) touching the B5 medium. (B) Bright field 
image of the leaf epidermis. (C) GFP signal indicated by the green color is observed, 
showing integration in the cytosol cell. 
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Figure 3.6 Transient gene expression in intact mature leaves of O. pumila. 
GFP gene driven by a CaMV 35S promoter was bombarded into the adaxial surface 
of the intact mature leaves of O. pumila plantlet. Bombardment was performed using 
gold microparticle DNA-coating of 1.0 µm and shooting pressure at 75 psi with 1 cm 
distance (between the tip of gun barrel with leaf surface). After 24 h, the bombarded 
leaves were separated from plantlet and visualized under a fluorescent microscopy at 
40x objective. A piece of leaf was placed on the glass slide and covered with 
coverslip for each observation. (A) Plantlet used for bombardment, cultured on B5 
medium. (B) Bright field image of the leaf epidermis. (C) GFP signal indicated by the 
green color is observed, showing integration in the cytosol cell. 
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Figure 3.7 Transient gene expression in intact young leaves of O. pumila. 
GFP gene driven by a CaMV 35S promoter was bombarded into the adaxial surface 
of the intact young leaves of O. pumila plantlet. Bombardment was performed using 
gold microparticle DNA-coating of 0.6 µm and shooting pressure at 160 psi with 
distance less than 1 cm (between the tip of gun barrel with leaf surface). After 24 h in 
the dark, the bombarded leaves were separated from plantlet and visualized under a 
fluorescent microscopy at 40x objective. A piece of leaf was placed on the glass slide 
and covered with coverslip for each observation. (A) Plantlet used for bombardment, 
cultured on B5 medium. (B, D, F) Bright field image of the leaf epidermis. (C, E, G) 
GFP signal indicated by the green color is observed, showing integration in the 
cytosol cell.   
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General Discussion and Conclusions 
In earlier study, the hairy roots of O. pumila are reported to accumulate not 
only camptothecin-related alkaloids but also anthraquinones, but the de-differentiated 
cell suspension culture derived from hairy roots accumulated no alkaloids and faint 
amount of anthraquinones (Asano et al., 2013). This discovery of rich specialized 
metabolites in the hairy roots had led to further study of the metabolites biosynthesis 
pathway, as well as related genes encoding the catalytic enzymes and transcription 
factor. 
In chapter one, OpMYB1 was isolated from the hairy roots of O. pumila, 
resulted from a differential PCR-select subtraction using cDNAs from hairy root and 
cell suspension culture, where MYB was found expressed only in hairy root. 
OpMYB1 is characterized as R2R3 type MYB, because of the following conserved 
motifs: bHLH-interaction domain, GIDP motif, ERF-associated amphiphilic 
repression (EAR)-like motif (VNLDL) and zinc finger motif. The EAR-like motif 
was identified as a transcriptional repressor from the phylogenetic tree and transient 
effector-reporter analysis. To further investigate OpMYB1 function, OpMYB1-
overexpressing hairy roots (MYBox) was generated. The hairy root lines with high 
expression of OpMYB1, suppressed the accumulation of camptothecin, supporting the 
idea of transcriptional repressor. 
From the preliminary study, OpMYB1 was shown as a negative transcriptional 
regulator. Therefore, further study on the functional characterization of MYB 
especially in specialized secondary metabolisms in O. pumila was carried out. 
In chapter two, Illumina RNA-seq data from 3 tissues were employed to 
search for MYB roles in specialized secondary metabolism of O. pumila. The 
generated paired-end reads were cleaned, and then assembled using Trinity program 
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(Grabherr et al., 2011). Trinity program supports non-model organisms study by 
adding popular software already been installed in a bioinformatics environment, by 
integrating additional Open Source software as plug-in components in the Trinity 
software suite (Haas et al., 2013). Easy-to-use scripts and a user-friendly command-
line interface were provided, although the module of analysis was complicated and 
complex.  
 When tested with other assembler, including SOAPdenovo-Trans (Xie et al., 
2014), Oases (Schulz et al., 2012) and Trans-ABySS (Robertson et al., 2010) from the 
de novo tools category, and TopHat-Cufflinks (Kim et al., 2013) and Genome-guided 
Trinity (Haas, 2012), from genome-guided category, Trinity (Grabherr et al., 2011) is 
the best in sensitivity and isoform recovery, without compromising on the specificity 
(Jain et al., 2013). 
Homology search for all contigs against NCBI non-redundant (NR) protein 
database was based on the BLASTx program, and enriched GO term for contigs were 
obtained using Blast2GO program. This results in 57 GO categories enriched due to 
OpMYB1 overexpression.  
In GO, a biological meaning was assigned to groups of genes, or each gene 
product is assigned to its functions and roles in biological processes with an 
automated tool. GO enrichment analysis helps to identify GO categories that are over- 
or under-represented under a condition with respect to overall GO annotation of 
transcriptome for a species. When enrichment analysis is applied, the aim is to 
identify functional classes that statistically differ between two lists of terms in the 
dataset. GO enrichment analysis is used to gain broad inside into process unique to a 
particular feature. This analysis includes, but not limited to, 1) to assess several 
subsets of group that shows significant representation of some biological 
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characteristic, 2) to identify the functional categories that are over- or 
underrepresented in the set of differentially expressed genes of an analysis, and 3) to 
identify which functions are particularly represented between different libraries of a 
dataset (Conesa and Gotz, 2008). In this study, we are interested to identify GO term 
enriched (including over- and under-representation) due to overexpression of 
OpMYB1 in the hairy root. Therefore, transcriptome profile for MYBox was 
compared with hairy root, in order to identify contigs or transcripts differentially 
expressed in MYBox, and used as a test set. The specific terms represented in 
MYBox is compared to the dataset from all three samples (CSC, HR and MYBox), 
and served as reference set. A term is enriched when the percentage sequence of 
represented term in MYBox vs HR (test set) is higher than the dataset of three 
samples (CSC, HR and MYBox) (reference set). By consolidating and disseminating 
earlier knowledge about known genes, enriched GO classification is a useful tool to 
assign attributes to groups of genes that occur from this OpMYB1 overexpression 
analysis. 
From our assembled transcriptome dataset, we further proceed to investigate 
the different gene expression level of cell suspension culture, hairy root and MYBox 
in the biosynthesis pathways of specialized secondary metabolism. For a better visual 
data approach, a heatmap is generated, which the individual values are contained in a 
matrix and represented as colors. In this study, the Fragment per kilobase exon per 
million fragments mapped (FPKM) value of each contigs across three different 
samples are shown as red when expression is high, green when expression is low, and 
black for intermediate value.  
From the generated heatmap, a general trend of reduced gene expression was 
observed in MYBox compared to hairy root in the biosynthesis pathways of 
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camptothecin, seco-iridoid, anthraquinone and chlorogenic acid. Putative genes 
encoding almost all the catalytic enzymes in the mentioned specialized secondary 
metabolism biosynthetic pathway were able to extracted. 
The findings in this study may contribute to reveal the candidate genes 
involved in camptothecin biosynthesis pathway. This study also provides putative 
genes encoding catalytic enzymes of specialized secondary metabolisms of seco-
iridoid, anthraquinone, and chlorogenic acid, which may help reveal the 
pharmaceutical potential as well as providing a better understanding for further study 
on this promising medicinal plant.  
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Materials and Methods 
 
1. Plant materials and tissue cultures 
Hairy roots of O. pumila were induced from stem segments of in vitro plant 
culture as described by Saito et al. (2001). From the hairy roots, cell suspension 
culture was induced by the treatment of plant growth regulator as reported Asano et 
al. (2013). For OpMYB1-overexpressing hairy roots (MYBox), stable transformed 
hairy roots over-expressing OpMYB1 were generated by Agrobacterium rhizogenes-
mediated transformation. The OpMYB1 gene was subcloned into the T-DNA region 
of binary expression vector pH7WG2D, downstream of CaMV 35S promoter. 
Subsequently, the stem sections of O. pumila were co-cultured with A. rhizogenes 
harboring the binary vector, and transgenic hairy roots transformed with T-DNA from 
binary vectors were obtained. 
For OpMYB1 expression analysis, O. pumila plantlets were micropropagated 
from shoot segments of in vitro plant culture as described by Asano et al. (2009). 
Excised shoot from previous culture were cultured on half-strength Murashige and 
Skoog (MS) salts (Murashige and Skoog, 1962) medium agar containing 1% sucrose 
and 0.2% gellan gum. The plantlets are incubated under photoperiod of 18 h light 
(22.8 µmol/m2/s)/ 6 h dark at 25 °C. Ten weeks old plantlets were used for the gene 
expression analysis. For the hairy roots culture, transgenic hairy roots were obtained 
as described above. For negative control, β-glucuronidase (GUS) gene was used 
instead of OpMYB1 and transformation protocol is as described above. Transformed 
hairy roots were cultured in B5 liquid medium containing 2% sucrose, and incubated 
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at 25°C on a rotary shaker at 80 rpm. After 3 weeks, these hairy roots were used for 
gene expression analysis.  
The transformed hairy roots were subcultured every four weeks on B5 agar 
medium with 2% sucrose and 0.2% gellan gum, in the dark at 25°C. These hairy roots 
on agar medium were used for particle bombardment analysis.   
 
2. Isolation and sequence analysis of OpMYB1  
Differentially expressed genes between hairy root and cell suspension culture 
were profiled by PCR-select cDNA subtraction and fragmental sequences were 
obtained (Clontech, Japan) as described by Bunsupa et al. (2011). Based on the 
sequence information of the fragment showing homology with MYB transcription 
factors, a full-length cDNA was cloned by performing 5’- and 3’-RACE.  
Homologous genes were searched using the BLASTx program against Non-
redundant (nr) protein sequence and UniProtKB/SwissProt (swissprot). A 
phylogenetic tree was constructed using the neighbor-joining method of MEGA6 
(Tamura et al., 2013). Bootstrap values were statistically calculated with the default 
setting of the MEGA6 program.  
 
3. Transient effector-reporter assay 
An open reading frame of OpMYB1 was amplified by PCR and subcloned into 
35S:GAL4DB vector pDEST430T1.2 (Ohta et al., 2000) using Gateway technology 
(Invitrogen). The reporter construct, Pro35S-GAL4-TATA-LUC-HSP (Tanaka et al., 
2012), contains the five repeats of GAL4 binding site fused CaMV35S minimal 
promoter, a luciferase gene and transcriptional terminator of a heat shock protein 18.2 
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gene. The primers used were OpMYB1-ORF-attB1-F and OpMYB1-ORF-attB2-R 
(Table 1). The empty vector pDEST430T1.2 without insertion (35S:GAL4DB) was 
used as negative control. Effector and reporter plasmids were co-bombarded into the 
leaves of Arabidopsis thaliana grown in long-day condition (16-h-light/8-h-dark 
cycle). 
 
Table 1 List of primers used for vector construction. 
Primer Name Sequence 
OpMYB1-ORF-attB1-F AAA AAG CAG GCT CTA TGG GAC GTT CAC CTT 
GCT GTG 
OpMYB1-ORF-attB2-R AGA AAG CTG GGT TGT ATC TGT ATA CAC CAT 
TTG CCA TTT C 
 
 
4. Construction of binary vectors and plant transformation 
Stable transformed MYBox were obtained as follows. The open reading frame 
of OpMYB1 was subcloned into the binary expression vector pH7WG2D (Nakagawa 
et al., 2007) through Gateway technology (Invitrogen, USA) and pH7WG2D-
OpMYB1 (35Spro:OpMYB1) was obtained. For negative control, GUS (β-
glucuronidase) gene was used instead of OpMYB1. The binary vector pH7WG2D-
OpMYB1 or pH7WG2D-GUS was introduced into Agrobacterium rhizogenes 
(pRi15834) by electroporation. The stem sections of O. pumila were co-cultured with 
A. rhizogenes harboring the binary vector and transgenic hairy roots transformed with 
T-DNA from binary vectors were obtained as described previously by Asano et al. 
(2009). 
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5. Gene expression analysis of MYB-overexpressing lines by RT-PCR  
Total RNA was extracted from MYBox and GUS lines using RNeasy plant 
mini kit (Qiagen) and treated with DNase. Subsequently, each sample of total RNA (1 
µg) was subjected to reverse transcription using SuperScript II Reverse Transcriptase 
kit (Invitrogen) using Oligo dT-3 sites Adaptor Primer (TaKaRa). 
The semi-quantitative RT-PCR analysis was performed on OpMYB1 using 
primer set of OpMYB1-F and OpMYB1-R (Table 2). The expression of 
housekeeping β-tubulin gene was analyzed as a control with primer set of OpTub-F 
and OpTub-R. PCR amplification was performed with denaturation step at 94°C for 1 
min 30 s, followed by 26 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 2 min 
30 s. The PCR products were separated by electrophoresis using 1.5% agarose gel. 
The gel was then stained with SYBR Green I nucleic acid gel stain (Invitrogen) and 
afterwards scanned with Storm 860 image analyzer (GE Healthcare). The produced 
image scan were visualized and analyzed using Image Quant (GE Healthcare). The 
expression level of OpMYB1 was calculated by normalization with β-tubulin band and 
later compared to the average value of GUS-expression level.  
RT-PCR based quantification of key enzyme coding genes in MIA 
biosynthesis pathway was performed using primer sets, OpTDC-F and OpTDC-R, 
OpG10H-F and OpG10H-R, OpSLS-F and OpSLS-R, and OpSTR-F and OpSTR-R 
(Table 2) with the same PCR condition as described above. 
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Table 2 List of primers used for semi-quantitative RT-PCR. 
Target Gene Primer Name Sequence 
OpMYB1 OpMYB1-F CAA CAA CGA TCA AAA CAG CA 
 OpMYB1-R GGA TTC AGC TGA AGT AGT AGT 
OpTDC OpTDC-F ATG GGC AGC ATT AGT GAA AA 
 OpTDC-R TTA CTC AAT GAT ATT GGT TTT CGT 
OpG10H OpG10H-F AGA TTT AGC TTT CTC CAG CCG 
 OpG10H-R TAT CAA TAA GGG GCC AAC CA 
OpSTR OpSTR-F ATG CAT AGT TCA GAA GCC AT 
 OpSTR-R TCA GAA AGA AGA AAA TTC CTT G 
OpSLS OpSLS-F TCA TGC CTC ATA TTG ACC ACA 
 OpSLS-R GGA TGG TGA AAC ATC AAA GGT 
OpTub OpTub-F CCA GAT AAC TTT GTT TTC GG 
 OpTub-R GTG AAC TCC ATT TCA TCC AT 
 
 
6. Gene expression analysis of OpMYB1 across different tissues by qRT-PCR 
Total RNA was extracted from O. pumila plantlets (shoot apex, node, 
internode, leaf and hairy root), hairy roots and GUS-expressing hairy roots lines using 
RNeasy plant mini kit (Qiagen) and treated with DNase. Subsequently, each sample 
of total RNA (1 µg) was subjected to reverse transcription using SuperScript II 
Reverse Transcriptase kit (Invitrogen) using Oligo dT-3 sites Adaptor Primer 
(TaKaRa). 
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The quantitative RT-PCR (qRT-PCR) (Applied Biosystems) analysis was 
performed on OpMYB1 using primer set of OpMYB1-F and OpMYB1-R (Table 2). 
The expression of housekeeping β-tubulin gene was analyzed as a control with primer 
set of OpTub-F and OpTub-R. PCR amplification was performed with denaturation 
step at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 1 min, and 
generation of melting curve at 95°C for 15 s, 60°C for 1 min and 95°C for 15 s.  
The expression level of OpMYB1 was calculated by normalization with β-
tubulin and later compared to the average value of GUS-expression level to obtain 
ΔΔCt value.  
 
7. Analysis of camptothecin 
Camptothecin contents in the MYBox lines from 3-week culture were 
extracted and quantified by HPLC equipped with fluorescent detector as described 
previously by Asano et al. (2013).  
 
8. Deep transcriptome sequencing, de novo assembly and annotation 
Deep transcriptome analysis was performed as described previously 
(Yamazaki et al., 2013). Poly(A)+ RNA was isolated from 3-week-old MYBox. A 
cDNA library was constructed and sequenced using pair-end method with an Illumina 
platform (Riken Genesis). The Illumina reads were deposited in the DNA Data Bank 
of Japan (DDBJ) under Sequence Read Archive (DRA) with accession No. 
DRA000931, with experiment No. DRX003679 for hairy root and DRX003680 for 
MYBox. Previously, reads with accession No. DRA000930, with experiment No. 
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DRX003677 for cell suspension culture and DRX003678 for hairy root were 
deposited by Yamazaki et al. (2013). 
The generated raw reads were cleaned based on quality score and adaptors 
were removed, and assembled using Trinity program (Grabherr et al., 2011). The 
assembly procedure (including cleaning, alignment and abundance estimation) and 
annotation (including BLAST alignment, assigning EC number and functional 
classification) were done following Fukushima et al. (2015). 
 
9. Particle bombardment preparation and assay 
The reporter construct harboring GFP and driven by a CaMV 35S promoter 
(35Spro:GFP) in pTH2 (Chiu et al., 1996) was used. Cartridge tubing with DNA-
coated gold microparticle was prepared following (Ueki et al., 2013). Particle 
bombardment using Helios Gene Gun (Bio-Rad) onto plant samples were conducted 
following Hollender and Liu (2010) and Ueki et al. (2013). GFP protein emits green 
fluorescent signal, thus the bombarded tissue can be analyzed under fluorescent 
microscope. 
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